Abstract: Recent evidence indicates that L-glutamate is taken up into synaptic vesicles in an ATP-dependent manner, supporting the notion that synaptic vesicles may be involved in glutamate synaptic transmission. In this study, we further characterized the ATP-dependent vesicular uptake of glutamate. Evidence is provided that a Mg-ATPase, not Ca-ATPase, is responsible for the ATP hydrolysis coupled to the glutamate uptake. The ATPdependent glutamate uptake was inhibited by agents known to dissipate the electrochemical proton gradient across the membrane of chromaffin granules. Hence, it is suggested that the vesicular uptake of glutamate is driven by electrochemical proton gradients generated by the Mg-ATPase. Of particular interest is the finding that the ATP-dependent glutamate uptake is markedly stimulated by chloride over a physiologically relevant, millimolar concentration range, suggesting an important role of intranerve terminal chloride in the accumulation of glutamate in synaptic vesicles. The vesicular glutamate translocator is highly specific for L-glutamate, and failed to interact with aspartate, its related agents, and most of the glutamate analogs tested. It is proposed that this vesicular translocator plays a crucial role in determining the fate of glutamate as a neurotransmitter.
Increasing evidence suggests that glutamate functions as a major excitatory neurotransmitter in the CNS (Cotman et al., 1981; Puil, 1981; Watkins and Evans, 1981; Fonnum, 1984) . The acidic amino acid excites most neurons in the CNS (Curtis and Johnston, 1974; Krnjevie, 1974) through activation of multiple but distinct receptors (McLennan, 1981 ; Watkins and Evans, 1981; Roberts and Sharif, 1981; Krogsgaard-Larsen and Honore, 1983 ; Monaghan et aI., 1983) and, as with other neurotransmitters, is released from nerve terminals in a calcium-dependent manner on their depolarization (De Belleroche and Bradford, 1972; Cotman et al., 1981) . However, whether glutamate in the nerve terminal is released into the synaptic cleft directly from synaptic vesicles by an exocytotic or other mechanism is not known. Currently available evidence indicates no significant enrichment of glutamate in the isolated synaptic vesicles compared with the other subcellular fractions (Mangan and Whittaker, 1966; Rassin, 1972; Kontro et al., 1980) . De Belleroche and Bradford (1 973) reported that glutamate was not taken up into the isolated synaptic vesicles, and, based on this and other evidence, they proposed that glutamate is released directly from the cytoplasm of nerve terminals (De Belleroche and Bradford, 1977) .
We recently isolated small, spherical synaptic vesicles from the cerebral cortex (Naito and Ueda, 1983) , using highly purified antibodies (Naito and Ueda, 1981; Ueda and Naito, 1982) to Protein I, a neuron-specific, synaptic phosphoprotein (Ueda and Greengard, 1977; Greengard, 1981) [recently referred to as Synapsin I (Kennedy et al., 1983) J that is highly concentrated on the surface of synaptic vesicles (Bloom et al., 1979; Ueda et al., 1979; De Camilli et al., 1983) , and we demonstrated that Lglutamate is specifically taken up into these vesicles in an ATP-and temperature-dependent but sodiumindependent manner (Naito and Ueda, 1983) . These observations have suggested that some of the glutamate within the nerve terminal may be packaged into and accumulated in specific synaptic vesicles, an obligatory process implicit in the exocytotic 100 S. NAITO A N D T. UEDA mechanism. This notion is also supported by the recent immunocytochemical evidence that glutamate is significantly concentrated in synaptic vesicles (Storm-Mathisen et al., 1983) . In view of the potential importance of the vesicular uptake of glutamate in glutamate neurotransmission, we further characterized, in the present study, t h e ATP-dependent vesicular uptake of glutamate. Evidence provided here suggests that the vesicular glutamate uptake is driven by electrochemical proton gradients generated by a vesicle-associated Mg-ATPase and is markedly potentiated by low concentrations of chloride ions. We also present further evidence for the substrate specificity of the vesicular glutamate translocator.
MATERIALS AND METHODS

Materials
L-Glutamic acid, ATP, N,N'-dicyclohexylcarbodiimide (DCCD), trimethyl tin, potassium thiocyanate, and Nethylmaleimide (NEM) were purchased from Sigma. Dithiothreitol (DTT) was from Aldrich. Potassium isethionate, carbonyl cyanide p-nitrofluoromethoxyphenylhydrazone (FCCP), and nigericin were generously provided by Dr. Ronald Holz, Department of Pharmacology, the University of Michigan. All the glutamate and aspartate analogs tested in the experiment described in Table  7 were from Sigma, except for 2-amino-4-phosphonobutyric acid and y-methylene glutamic acid, which were the generous gifts of Dr. Carl Cotman, Department of Psychobiology, University of California, Irvine, and Dr. Richard Lawton, Department of Chemistry, the University of Michigan, respectively. ~-[2,3-'H]Glutamate acid (20 Ciimmol) was obtained from Amersham.
Preparation of synaptic vesicles
A purified synaptic vesicle fraction (0.4 M sucrose layer) was prepared from the bovine cerebral cortex essentially by the same procedure described previously (Ueda et al., 1979) , and this vesicle preparation was used in most of the experiments to be described here. For some experiments (as shown in Fig. 2 ), the synaptic vesicles were further purified by immunoprecipitation with anti-Protein I IgG, as described previously (Naito and Ueda, 1983) . The purity of the immunoprecipitated vesicle preparation was at least 90%, as judged by morphology, but the vesicle preparation prior to the anti-Protein I IgG treatment contained some nonvesicular contaminants. The Na+ ,K+-ATPase, NADPH-cytochrome c reductase, and cytochrome oxidase activities in the 0.4 M sucrose layer fraction were 1.73 pmolihimg at 37"C, 3.53 nmolhninhng at 2 2 T , and 2.38 nmoliminlmg at 22"C, respectively; these values represented 160, 156, and 173% of the corresponding enzyme specific activities in the immunoprecipitated vesicle preparation, and 7.4, 88, and 0.4% of those in the lysed synaptosome preparation (Naito and Ueda, 1983) . Although there was some Na+-dependent glutamate uptake activity in the 0.4 M sucrose layer synaptic vesicle fraction, presumably resulting from contamination with plasma membranes, it represented only 20% of the ATP-dependent uptake activity. The Nadependent uptake system in the plasma membrane could not contribute significantly to the ATP-dependent uptake activity, since this activity was determined in the absence of N a + , as described below. In this study, the ATP dependency was used as a criterion for uptake into synaptic vesicles.
Assay for vesicular glutamate uptake
The uptake of glutamate into synaptic vesicles was assayed as described previously (Naito and Ueda, 1983 ) with a slight modification; the standard sucrose-based glutamate uptake medium (final volume, 100 1. 1) contained 0.25 M sucrose, 4 mM MgSO,, 5 mM Tris-HCI (pH 7.4), and synaptic vesicles (20 or 40 pg protein). In some experiments, 0.25 M sucrose was replaced by 0. I 1 M KCI (KCIbased uptake medium). After incubation of the mixture of synaptic vesicles and buffer in 80 pl for 5 min at 3 0 T , ~-[~H ] g l u t a m a t e (final concentration, 50 pM; 0.4 Ci/ mmol) and ATP (final concentration, 2 mM; disodium salt; neutralized with Tris base) were added in 20 pl, and the mixture was further incubated for 1.5 min at 30°C. The glutamate uptake was stopped by the addition of 2.5 mi of ice-cold 0.15 M KCI and immediate filtration through Millipore HAWP (25 mm, 0.45 pm) filter. The test tubes were washed with 2.5 ml of KC1 solution three more times, the filters washed an additional three times with the same solution, and radioactivity retained on the filters was determined in ACS (Amersham) by using a liquid scintillation spectrophotometer (Beckman LS 9000). Glutamate uptake was generally measured in duplicate, and the mean and range of duplicate determinations were presented.
The proton-pump ATPase inhibitors (DCCD and trimethyl tin) and electrochemical proton gradient dissipators (FCCP and nigericin) were dissolved in absolute ethanol. In experiments in which the effects of these reagents were examined, the final concentration of ethanol was 0.1%; control assay mixtures contained 0.1% ethanol.
Assay of ATPase activity and protein determination
The Mg-ATPase activity of synaptic vesicles was measured as described by Nelson (1980) , except that it was assayed in the reaction mixture identical to the glutamate uptake medium, using a higher specific activity of [y-'*P]ATP. The amount of protein in the immunoprecipitated synaptic vesicles was estimated as described previously (Naito and Ueda, 1983) . Protein of the synaptic vesicle fraction that had not been subjected to immunoprecipitation was determined according to Lowry et al. (1951) with bovine serum albumin as standard.
RESULTS
Nucleotide specificity for the vesicular uptake of glutamate
Various nucleotides were tested for their capacity to support t h e glutamate uptake into synaptic vesicles ( Table 1) . ATP is the most effective nucleotide in providing energy for the vesicular uptake of glutamate. GTP a n d ITP are 35-40% as effective as ATP, whereas UTP is even less effective, and CTP is virtually inactive in supporting the glutamate uptake. Diphosphonucleotides and monophosphonucleotides such as ADP, AMP, and GMP are also Glutamate uptake was determined in the presence of 2 mM of various nucleotides and 20 pg of synaptic vesicles in the standard sucrose-based medium, as described in Materials and Methods.
incapable of driving the glutamate uptake. These results suggest that ATP hydrolysis is required for the vesicular glutamate uptake. In accord with this notion is the observation that the glutamate uptake was inhibited by such agents a s DCCD and trimethyl tin, which are known to inhibit Mg-ATPase and thereby to reduce catecholamine and serotonin uptakes into the storage vesicles; 80 F M DCCD and 25 FM trimethyl tin inhibited the glutamate uptake into anti-Protein I IgG-precipitated synaptic vesicles by 87 and 99%, respectively. Recent experiments have indicated that there is a qualitative correlation between the trimethyl tin-induced inhibitions of glutamate uptake and Mg-ATPase activity in the synaptic vesicle preparation (data not shown). These results together strongly suggest that a Mg-ATPase, identical or similar to that responsible for the catecholamine and serotonin uptakes, is involved in the ATP-dependent glutamate uptake into the synaptic vesicles.
Effects of varying the concentration of Mg2+ and of various divalent cations
The Mg2+ dependency of the glutamate uptake is shown in Fig. 1 . The ATP-dependent glutamate uptake is optimal at Mg concentrations of 4-8 mM. Increasing the Mg2+ concentration beyond 10 mM appears t o inhibit the glutamate uptake significantly.
The effects of various divalent metal ions on the ATP-dependent glutamate uptake in the absence or presence of Mg2+ are shown in Table 2 . Manganese ions appear to mimic the action of Mg2+ in the ATPdependent glutamate uptake; Mn2+ substitutes for Mg2+ but does not potentiate the uptake activity observed in the presence of Mg2+. It is of interest to note that Co2+ substitutes Mg2+ partially but inhibits the Mg2+-supported glutamate uptake. Calcium ions neither support the glutamate uptake nor cause significant alteration in the Mg2+-supported uptake activity. This indicates that Ca-ATPase is not involved in the ATP-dependent glutamate uptake into synaptic vesicles. Other divalent metal ions, such as Fe2+, Ni2+, Cu2+, Cd2+, and Zn2+, are all inhibitory in the ATP-dependent glutamate uptake either in the absence or presence of ME2+, with Cd2+ and Zn2+ being the most potent.
Kinetic constants of the vesicular glutamate uptake system
The effect of varying the concentration of glutamate on the ATP-dependent glutamate uptake was studied using a virtually homogeneous preparation of the synaptic vesicles, which had been made by immunoprecipitation with anti-Protein I IgG (Fig.  2) . From the Lineweaver-Burk plot, a single K , value for glutamate was determined to be 1.6 mM and the V, , , value was 13 nmol/min-mg.' Thus, the ATP-dependent vesicular uptake system for glutamate operates with low affinity for glutamate.
Effect of the permeant anion chloride on vesicular uptake of glutamate
In preliminary experiments, we noticed that when 5 mM Tris-C1 (pH 7.4) was replaced by 5 mM I This number may represent an underestimated V,,, value. We have learned that the repeated suspension and high-speed centrifugation of the synaptic vesicles, the step adopted in an effort to remove unbound IgGs (see Naito and Ueda, 1983) , results in about 40-50% denaturation of the ATP-dependent glutamate uptake system, even when the washing procedure is carried out in the absence of IgG. Preliminary evidence has suggested that this denaturation may be in part due to the oxidation of one or more sulfhydryl group(s) of the vesicular glutamate uptake system. This apparent denaturation may largely account for the apparent discrepancy between the V,,, value (13 nmoli minimg) obtained using the anti-Protein I IgG-precipitated synaptic vesicles and that shown in Table 5 (24.9 nmolirninimg), which was obtained with vesicles not subjected to the antibody treatment, hence not to the washing procedure. Tris-maleate (pH 7.4) or Tris-N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES) (pH 7.4), the ATP-dependent glutamate uptake activity was reduced to about one-third to one-fifth of that observed in the presence of Tris-C1. This result suggested that chloride ions can cause a substantial stimulation of the glutamate uptake. In the experiments shown in Fig. 3 mate uptake, low concentrations (1 -4 mM) of chloride were found to cause a marked potentiation of the glutamate uptake, whereas concentrations higher than 10 mM attenuated the stimulatory effect (Fig. 3A) . In contrast to the permeating chloride, the impermeant monovalent anion isethionate exhibited little effect at all the concentrations tested. When the uptake experiment was carried out in the presence of 1 mM glutamate, the inhibitory effect of chloride was attenuated (Fig. 3B ). This suggests that the inhibition by relatively high concentrations of chloride may in part be caused by a possible interaction between chloride and the glutamate binding site. In accord with this interpretation is the observation that the K , value for glutamate was increased about fivefold in the presence of 0.11 M KC1 (see Table 5 ). These results indicate that the ATP-dependent glutamate uptake is highly stimulated by low concentrations of chloride but is subject to inhibition by high concentrations of chloride.
Ion specificity for stimulation of vesicular uptake of glutamate To determine the ion specificity for the potentiation and inhibition of the vesicular glutamate uptake, various salts were tested for their capacity to alter the glutamate uptake. As shown in Table 3 , KCI, NaCl, LiCI, and choline chloride all showed similar degrees of stimulation at 4 mM and inhibition at 50 mM, suggesting that the monovalent cations may play little or no role in the vesicular glutamate uptake. When the anion of potassium salts was varied, chloride and bromide were found to be the only anions capable at 4 mM of marked potentiation; iodide and sulfate showed only a slight stimulation, nitrate was without effect, and fluoride, acetate, and phosphate appeared to cause a small inhibition. At 50 mM, all the anions but chloride were inhibitory, with nitrate, iodide, and fluoride being the most potent. These results indicate that the ATP-dependent glutamate uptake into synaptic vesicles is selectively stimulated by low concentrations (e.g., 4 mM) of chloride or bromide.
Effects of chloride on the kinetic parameters of the ATP-dependent vesicular uptake of glutamate Kinetic experiments were carried out in the absence and presence of 2 mM KC1 to determine the effects of a low concentration of chloride on V, , , of the glutamate uptake and K , for glutamate. The V,,, values in the absence and presence of 2 mM KC1 in S mM Tris-maleate buffer (pH 7.4) were determined to be 6.1 & 0.8 and 22.6 2 1.9 nmol/min/ mg (n = 3 ) , respectively; the corresponding K , values were 0.84 0.16 and 1.12 ? 0.01 mM (n = 3 ) , respectively. That is, the stimulatory effect of chloride is caused by an increase in V,,, of the uptake system and not by changes in K,forglutamate.
The effects of varying the concentration of ATP on the vesicular uptake of glutamate in the absence and presence of 4 mM KCI are shown in Fig. 4 . In the absence of KCI, the K , for ATP was determined to be 1.2 mM, and the V,,, value was 340 pmol/ min/mg with 50 p M glutamate, according to the linear regression analysis of the double-reciprocal plot of the data. In the presence of 4 mM KCl, the glutamate uptake exhibited a peculiar response to increasing concentrations of ATP. The concentration of ATP that gave rise to a maximal uptake activity was approximately 2 mM; increasing the concentration further brought about a transient inhibition. The concentration required for half-maximal activity was estimated to be about 0.2 mM. The maximal activity at 2 mM ATP (and 50 p M glutamate) was 900 pmol/min/mg. It appears that a low concentration of KCI increases not only the maximal glutamate uptake activity but also the affinity for ATP. It is noted that the low concentration of KC1 stimulates the glutamate uptake to larger degrees at submillimolar concentrations of ATP than at higher concentrations.
pH dependency of the vesicular glutamate uptake
The effects of the pH of the extravesicular medium on the ATP-dependent uptake of glutamate into synaptic vesicles in the absence and presence of 4 mM KCl are shown in Fig. 5 . In the absence of KCI, a maximal uptake occurred at pH 6.3, whereas that in the presence of KCl was observed over the pH range 6.8-7.4. It is of interest that the The ATP-dependent uptake of glutamate was measured, using 20 pg of synaptic vesicles, in the absence or presence of various ions (4 mM and 50 mM) in the 0.25 M sucrosei5 mM Tris-maleate (pH 7.4) medium, as otherwise described in Materials and Methods.
stimulatory effect of chloride is highly dependent on the pH of the external medium; the largest KC1-stimulated glutamate uptake occurs between pH 6.8 and pH 7.4.
Possible mechanism for ATP-dependent vesicular uptake of glutamate
To gain a clue as to the mechanism by which ATP hydrolysis is coupled to the glutamate uptake into synaptic vesicles, the effects of the proton ionophore FCCP, thiocyanate, the H + / K + ionophore nigericin, and ammonia on the ATP-dependent vesicular uptake of glutamate were examined. As shown in Table 4 , FCCP, nigericin in the presence of K + , and NH; (which is in equilibrium with NH, and H + > all caused significant inhibition of the ATPdependent glutamate uptake, either in the absence or presence of 4 mM chloride. Table 5 shows that the membrane potential dissipator potassium thiocyanate also inhibits the ATP-dependent vesicular uptake of glutamate, and that both FCCP and thiocyanate cause the inhibition largely by affecting V,,, of the vesicular glutamate uptake system and only to a small extent the affinity for glutamate. The pH gradient dissipating agents ammonium chloride and nigericin reduced the V,,, value but did not significantly alter the affinity for glutamate, when the uptake was carried out in the presence of a high concentration of KCI, a condition under which presumably the pH gradient predominates as a result of a large influx of chloride, allowing further proton translocation. These results together suggest that the vesicular uptake of glutamate may be driven by electrochemical proton gradients generated by a vesicular Mg-ATPase. However, the quantitative correlation between the glutamate uptake and the membrane potential and the pH gradient remains to be established.
Effects of sulfhydryl agents on vesicular uptake of glutamate
In view of the possibility that the inhibitory effect of some of the metal ions may be due to the blockade of a sulfhydryl group(s) of the ATP-dependent uptake system, we investigated the effects of NEM as well as Cd2+ and ZnZ+ on the glutamate uptake in the absence and presence of DTT. As shown in Table 6 , NEM caused a potent inhibition and this inhibition was blocked by DTT. Similarly, the Cd2+ and Zn2+-induced inhibitions were also prevented by DTT. These results suggest that one or more reduced cysteine residue(s) is important in the ATP-dependent vesicular uptake of glutamate, and that Cd2+ and Zn2+ achieve their inhibition by reacting with the sulfhydryl group of critical cysteine residues.
Structural requirement for vesicular uptake by the glutamate translocator
To characterize the substrate recognition site of the glutamate translocator, various glutamate analogs were tested for their capacity to compete for vesicular uptake of L-glutamate (Table 7) . Among In KCI medium
The ATP-dependent glutamate uptake was determined both in the standard sucrose-based medium and in the 0.1 1 M KCI medium as described in Materials and Methods. The preincubation of synaptic vesicles (40 pg) was carried out in the absence or presence of inhibitors, followed by the addition of several concentrations of ~-[~H]glutamate (final concentrations: 0.5, 0.65, 0.91, 1.5, and 5 mM) together with ATP. Uptake was allowed to occur for 1.5 min. The K , and V,,, values were calculated by linear regression analysis of Lineweaver-Burk plot of the data thus obtained. These results represent the means 4 SEM of three experiments, each conducted in duplicate using three vesicle preparations.
* p < 0.05; **p < 0.01; t p < 0.005; f p < 0.0005 (compared with control) by two-tailed t test. the agents tested, DL-y-methylene glutamate and DL-a-methyl glutamate showed the most significant inhibition; although these glutamate analogs were less potent than L-glutamate itself, they were more potent than D-glutamate in inhibiting the uptake of L-glutamate. This finding suggests that L-y-methylene glutamate and L-a-methyl glutamate would be even more potent than their racemic mixtures. In contrast, those analogs in which a functional group of glutamate is modified or altered had no significant effect on the vesicular uptake of L-glutamate. These agents include L-glutamine, glutarate, a-ketoglutarate, N-methyl L-glutamate, y-methyl or ethyl L-glutamate, L-glutamic acid dimethyl ester, and L-glutamic acid diethyl ester, 2-amino-4-phosphonobutyrate, and L-homocysteate. Moreover, those analogs that have a shorter or longer carbon chain length than glutamate showed little or no interaction with the glutamate translocator. These analogs include aspartate, its agonist N-methyl D-aspartate, its antagonist a-aminoadipate, and a-ami- The ATP-dependent glutamate uptake was determined using 20 pg synaptic vesicles, in the standard sucrose-based medium as described in Materials and Methods, except that the preincubation of synaptic vesicles was carried out in the absence or presence of NEM (0.05 mM and 0.1 mM), cadmium sulfate (0.1 mM), or zinc sulfate (0.1 mM), each case in the absence or presence of 2 mM DTT. The ATP-dependent glutamate uptake was determined, using 20 I J .~ of synaptic vesicles in the standard sucrose-based medium containing SO p M ~.-['H]glutamate as described in Materials and Methods, except that various test agents (each 5 mM) were included in the preincubation medium. Glutamate analogs were neutralized with KOH when necessary. Uptake in the control (no addition) was 7,932 5 193 cpm after the subtraction of an averaged blank value (82 cpm).
nopimelate. Finally, the glutamate-related potent neurotoxic excitants kainate and ibotenate, and the glutamate agonist quisqualate all failed to exhibit any significant interaction with the vesicular glutamate translocator. These results all indicate that the glutamate translocator specifically recognizes all the unmodified functional groups, the skeletal carbon chain length, and the L-configuration of glutamate.
DISCUSSION
In this study, we provided evidence that suggests that the ATP-dependent uptake of glutamate into synaptic vesicles is driven by an electrochemical proton gradient generated by Mg-ATPase, a mechanism analogous to that for catecholamine and serotonin uptakes into storage granules (Holz, 1978; Njus and Radda, 1978; Carty et al., 1981) . The driving force is derived specifically from ATP (Table 1 ). This and the previous observation (Naito and Ueda, 1983 ) that the unhydrolyzable ATP analog P,y-methylene ATP failed to support the glutamate uptake indicate that the cleavage of y-phosphate of ATP is required for the glutamate uptake. It is likely that the ATP hydrolysis coupled to the glutamate uptake is catalyzed by a Mg-ATPase, since Mg2+, not Ca2+, is required in addition to ATP for the glutamate uptake (Table  2) ; since the glutamate uptake is strongly inhibited by DCCD and trimethyl tin, agents known to inhibit the Mg-ATPase in the membrane of chromaffin granules and thereby inhibit catecholamine uptake into the storage granules Carty et al., 1981) ; and since the trimethyl tininduced inhibition of glutamate is correlated with the inhibition of Mg-ATPase by trimethyl tin in the synaptic vesicle preparation (S. Naito and T. Ueda, unpublished observation) . As in the case of the MgATPase coupled to the catecholamine and acetylcholine uptakes (Hasselbach and Taugner, 1970; Holz, 1978; Parsons and Koenigsberger, 1980 ), it appears that one o r more cysteine sulfhydryl group(s) is essential for the vesicular proton pump Mg-ATPase activity coupled to glutamate uptake, since NEM inhibited not only the glutamate uptake (Table 6 ) but also the vesicular Mg-ATPase activity (S. Naito and T. Ueda, unpublished observation).
According to our scheme, the Mg-ATPase, on hydrolysis of ATP, translocates protons from the outside to the inside of the synaptic vesicle and thereby generates a membrane potential, positive inside, analogous to the Mg-ATPase in the chromaffin granule membrane (Bashford et al., 1975) . The vesicle membrane potential thus produced could provide a driving force for the transport of glutamate into the synaptic vesicles, since those agents known to reduce the membrane potential and inhibit the catecholamine uptake into chromaffin granules, such as FCCP and thiocyanate (Holz, 1978; , caused a substantial reduction in the glutamate uptake (Tables 4 and 5 ). When permeant anions are present at sufficient concentrations in the medium outside the vesicle, the membrane potential would cause an influx of anion, which would decrease the membrane potential and result in the formation of pH gradients across the membrane. Evidence given here suggests that the pH gradient can also provide a driving force for the glutamate uptake; the ATPdependent glutamate uptake observed in the presence of 0.11 M potassium chloride was inhibited by nigericin, an H+/K+ ionophore, or ammonia ( Table  5 ) , both of which are known to reduce pH gradients across the chrornaffin granule membrane and inhibit the catecholamine uptake (Johnson et al., 1978; ).
An intriguing feature of this study is the observation that the ATP-dependent glutamate uptake is altered by chloride; low concentrations (2-4 mM) of chloride stimulate the ATP-dependent glutamate uptake markedly, whereas excess chloride attenuates the stimulatory effect (Fig. 3 ) . The chloride stimulation is highly dependent on the presence of ATP in the medium (Fig. 4) . The stimulatory effect of anions on the glutamate uptake is quite specific to chloride and bromide ( Table 3 ) . The stimulatory effect of chloride could have physiological significance, since the maximally effective concentration of chloride (4 mM) lies well within the cytosolic concentration range (Woodbury, 1965) . If the local concentration of chloride within the nerve ending should change in the low millimolar range in response to a depolarization of the nerve ending, chloride ions could play a regulatory role in vivo in the accumulation of glutamate in synaptic vesicles. Even if it should not change, our observation still suggests the importance of chloride in the accumulation of glutamate in endogenous synaptic vesicles, and possibly in glutamate synaptic transmission.
The chloride stimulatory effect is represented by an increase in V,,, of the glutamate uptake system. The mechanism by which the maximal velocity is increased is not well understood at present. It is possible that this change in V,,, is brought about by an increase in pH gradient across the vesicle membrane, which could occur as a result of an influx of the permeant anion chloride. This interpretation is consistent with the observation that the ATP-dependent glutamate uptake activity in the presence of 4 mM chloride was inhibited by nigericin in the presence of K + to a larger degree than in the absence of K + and that the chloride-stimulated uptake activity was substantially reduced by nigericin (Table 4) . Thus, it is feasible that the maximal uptake of glutamate occurs in the presence of both an optimal membrane potential and an optimal pH gradient, as in the case of the catecholamine uptake into chromaffin granules . The evaluation of this possibility, however, requires direct measurements of the pH gradient and membrane potential across the synaptic vesicle membrane, and the demonstration of a quantitative correlation between the electrochemical proton gradient and the ATP-dependent glutamate uptake.
Since it has been reported that chloride (at relatively high concentrations) stimulates the MgATPase activity in chromaffin granule membranes (Pazoles et al., 19801 , we tested the possibility that the chloride stimulation of glutamate uptake might be due to an increase in the Mg-ATPase activity. However, we did not observe any significant effect of 4 mM chloride on the Mg-ATPase activity in the synaptic vesicle preparation, which was assayed under conditions identical to those under which glutamate uptake was measured (data not shown). We could not rule out the possibility entirely, though, that the Mg-ATPase coupled to the glutamate uptake may represent a small population of the total Mg-ATPase present in the synaptic vesicle preparation and that a small concentration (such as 4 mM) of chloride may stimulate this specific population of Mg-ATPase molecules. An alternative possibility, not testable at present, is that chloride may increase the maximal velocity of the glutamate uptake by changing the conformation of the glutamate translocator, or protein presumably distinct from the Mg-ATPase.
It is conceivable that the inhibition of glutamate uptake by high concentrations of chloride is in part due to a reduction of the membrane potential to suboptimal levels, which could be brought about by the influx of chloride, as observed in the chromaffin granule membrane . The inhibitory effect of high concentrations of chloride could also in part be attributable to competition for a glutamate binding site on the glutamate translocator. This view is supported by the observations that, at higher concentrations of glutamate, higher concentrations of chloride are required to exhibit the inhibition (Fig. 3B) , and that K,for glutamate is increased significantly by high concentrations of chloride ( Table 5) .
In contrast to our evidence for the vesicular uptake of glutamate, De Belleroche and Bradford reported that exogenously added glutamate was not bound to or taken up into the isolated synaptic vesicles (De Belleroche and Bradford, 1973) . It is likely that this apparent failure in their attempt to demonstrate the in vifro uptake of glutamate into the synaptic vesicles resulted from the omission of ATP (or ATP plus chloride) from their incubation medium. Our previous (Naito and Ueda, 1983) and present studies clearly indicate that ATP is essential for the vesicular uptake of glutamate and that the ATP-dependent uptake is further enhanced by low concentrations of chloride.
However, glutamate has never been found to be at a particularly high concentration in the isolated synaptic vesicles, as compared to its level in the other subcellular fractions (Mangan and Whittaker, 1966; Rassin, 1972; Kontro et al., 1980) . The lack of evidence for the enrichment of glutamate in the isolated vesicles has been attributed to the possible leakage of the amino acid during the vesicle preparation. In agreement with this notion, we have observed that the tritiated glutamate, which had been taken up in the presence of ATP and chloride into the isolated synaptic vesicles, leaked out substantially when the vesicles were subjected to hypotonic conditions for 30 min (data not shown). Hence, the previous lack of evidence for the vesicular uptake or accumulation of glutamate would not necessarily rule out the possibility that synaptic vesicles are involved in glutamate synaptic transmission.
The competition experiments with various glutamate analogs presented here (Table 7) suggest that the primary amino group at the a-carbon of glutamate is an essential component for recognition by the vesicular glutamate translocator. Hence, the modifications of the amino group to secondary S . NAITO A N D T . UEDA amino groups, as seen in N-methyl-L-glutamate and kainate, resulted in a loss of or substantial decrease in the capacity to compete with L-glutamate for binding to the translocator. Replacement of the aamino group with a keto group as in a-ketoglutarate or its removal as in glutarate also led to the loss of the interaction with the glutamate binding site. In addition to the primary amino group and a-carboxyl group, the y-carboxyl group of glutamate is also an important element for recognition by the glutamate translocator. Thus, glutamine, y-methyl or ethyl ester of glutamic acid, a-aminophosphonobutyrate in which the y-carboxyl group is replaced by a phosphono group. and L-homocysteate in which the ycarboxyl group is replaced by a sulfono group are all devoid of or deficient in the capacity to interact with the glutamate translocator. It is of interest to note that the glutamate receptor antagonists L-glutamic acid diethyl ester and a-aminophosphonobutyrate (Koerner and Cotman, 1981; Fagg et al., 1982) and the excitatory amino acid L-homocysteate (McLennan, 1981; Watkins and Evans, 1981) are not recognized by the glutamate translocator. Moreover, the potent glutamate analog excitants quisqualate and ibotenate (McLennan and Lodge, 1979; Watkins and Evans, 1981) , both of which lack the y-carboxyl group, failed to inhibit the glutamate uptake. Finally, the vesicular glutamate translocator has a high degree of specificity with respect to the carbon chain. Thus, the translocator recognized only the five-carbon straight-chain a-amino dicarboxylates; it showed the lack of interaction with the four-, six-, and seven-carbon a-amino dicarboxylates, namely, aspartate, a-aminoadipate, and aaminopimelate, respectively.
The above evidence indicates that the electrochemical proton gradient-sensitive glutamate translocator in the synaptic vesicle h a s a unique structural specificity. The vesicular glutamate translocator is distinct from the sodium-dependent glutamate transporters in the plasma membrane, neuronal or nonneuronal, which d o not distinguish between glutamate and aspartate (Logan and Snyder, 1972; Schousboe and Hertz, 1981; Christensen and Makowske, 1983) , and from the glutamate receptors coupled to neuronal excitation, which are known to interact with diethyl glutamate and quisqualate. The distinct nature of the vesicular glutamate translocator is also indicated by the kinetic experiments (Fig. 2) , which have shown that the vesicular translocator has low affinity for glutamate ( K , = 1.6 mM), in contrast to the plasma membrane sodium-dependent glutamate transporters (Logan and Snyder, 1972; Schousboe and Hertz, 1981; Christensen and Makowske, 1983 ) and sodium-independent glutamate binding proteins, which have higher affinities for glutamate (Roberts and Sharif, 1981; Michaelis et a]., 1983) . Perhaps the substantially higher concentration of glutamate in the cell than in the extracellular milieu makes it unnecessary for the intracellular organelle synaptic vesicle to possess a high-affinity uptake system for glutamate.
The remarkably narrow substrateiinhibitor specificity of the translocator would enable a selective vesicular accumulation of glutamate among various amino acids present in nerve endings. In fact, it was observed that only negligible amounts of aspartate, y-aminobutyric acid, and glycine were taken up into those highly purified synaptic vesicles (anti-Protein I IgG-precipitated vesicles) that have high glutamate uptake activity (Naito and Ueda, 1983) . Based on these unique properties, we suggest that the electrochemical proton gradient-sensitive glutamate translocator plays an important role in the in vivo accumulation of glutamate in certain synaptic vesicles, and thus determines the fate of the amino acid as a neurotransmitter. However, evidence for a direct release of vesicular glutamate into the synaptic cleft remains to be sought.
